Edited by Charles E. Samuel RIG-I-like receptors (RLRs) are cytosolic innate immune sensors that detect pathogenic RNA and induce a systemic antiviral response. During the last decade, many studies focused on their molecular characterization and the identification of RNA agonists. Therefore, it became more and more clear that RLR activation needs to be carefully regulated, because constitutive signaling or detection of endogenous RNA through loss of specificity is detrimental. Here, we review the current understanding of RLR activation and selectivity. We specifically focus upon recent findings on the function of the helicase domain in discriminating between different RNAs, and whose malfunctioning causes serious autoimmune diseases.
RIG-I-like receptors (RLRs) are cytosolic innate immune sensors that detect pathogenic RNA and induce a systemic antiviral response. During the last decade, many studies focused on their molecular characterization and the identification of RNA agonists. Therefore, it became more and more clear that RLR activation needs to be carefully regulated, because constitutive signaling or detection of endogenous RNA through loss of specificity is detrimental. Here, we review the current understanding of RLR activation and selectivity. We specifically focus upon recent findings on the function of the helicase domain in discriminating between different RNAs, and whose malfunctioning causes serious autoimmune diseases.
Success in evolution not only is the ability to obtain and dissipate enough energy or to escape large predators, it is also the capability to fend off the myriads of co-evolving pathogens. As a consequence, life forms have evolved various capacities to intra-and extracellularly recognize "non-self," with the mammalian immune system being the most sophisticated. Our immune system consists of an innate and adaptive branch. The innate immune system is based on a limited set of germ lineencoded receptors, signaling proteins, and response factors that detect, signal, and battle infections. It provides a first and rapid response to pathogens and initiates the slower but more powerful adaptive immune system.
The innate branch detects new infections by invading pathogens through pattern recognition receptors that sense specific pathogen-associated molecular patterns (PAMP) 2 or microbeassociated molecular patterns. These non-self molecules are absent in the host and originate from viral, bacterial, or fungal sources. Cytosolic viral RNA is a powerful PAMP. However, in contrast to many other PAMPs, it needs to be detected amid a large and diverse pool of related molecules, i.e. the normal host RNA content of the cytosol. Because of this circumstance, it is not surprising that the system responsible for detecting cytosolic RNA is also implicated in several autoimmune diseases where important control mechanisms are defective, and selfmolecules are recognized.
In 2004, retinoic acid-inducible gene I (RIG-I) was identified as a sensor recognizing cytosolic viral RNA (1) . Soon it became clear that RNA-sensing involves three RIG-I-like proteins, the other two being melanoma differentiation-associated gene 5 (MDA5) and laboratory of physiology and genetics 2 (LGP2) (2) . All three proteins are structurally related and are collectively referred to as RIG-I-like receptors (RLRs) (Fig. 1A) .
RLRs are part of the large and diverse superfamily 2 (SF2) of nucleic acid-dependent NTPases. SF2 proteins use the energy of NTP hydrolysis to conduct diverse functions at nucleic acids, and the family includes helicases, motor proteins, and translocases (3). RLRs themselves detect non-self double-stranded (ds) RNA within the cytosol and thereupon initiate a signaling cascade that aims to defend the cell from invading pathogens. ATP turnover is a critical part of sensing and signaling by RLRs, but the function of ATP turnover has been surprisingly unclear for many years. Recent studies and the discovery of RLR-related autoimmune diseases now shed a new light onto the role of ATP turnover by these proteins.
RLR ligands
RIG-I and MDA5 have distinct but overlapping specificity profiles and as a consequence recognize viruses in a differential but partially redundant manner. The optimal in vitro RIG-I ligand is defined as short 5Ј-tri-or -diphosphorylated dsRNA (7-10 bp) where the phosphate-carrying nucleoside is part of a Watson-Crick base pairing (4 -6). More recently, it was shown that dsRNA with CAP-0 (m7-guanosine triphosphate cap) structures are also recognized (40) . Physiological RIG-I ligands include the incoming viral genome (7), viral RNA replication intermediates, leader RNAs, or defective interfering particles harboring 5Ј-triphosphates (8, 9) . Although early reports suggested a strict requirement of 5Ј-triphosphates, evidence also points toward 5Ј-triphosphate-independent recognition of viral RNA via internal, probably double-stranded mRNA regions and parts of 3Ј-untranslated regions (UTR) (9 -12) . Furthermore, also short dsRNAs generated by RNase L through cleavage of U-rich cytosolic RNA have been found to be RIG-I ligands (13, 14) .
The optimal MDA5 ligand is long dsRNA (Ͼ2000 bp) without bulges (15) (16) (17) . Accordingly, viral MDA5 agonists have been found to be the replicative form of viruses, for example (18) . Furthermore, and similar to RIG-I, several sense or antisense transcripts are recognized in virus-infected cells (6, 9, 12) . However, because MDA5 does not bind single-stranded RNA, the identified transcripts might harbor yet unrecognized double-stranded regions.
LGP2, like RIG-I, preferentially binds to dsRNA ends (19, 20) , but it does not discriminate between blunt ends with and without triphosphate caps (21) . LGP2 does not signal by itself, but several lines of evidence suggest that it augments MDA5-dependent signaling on the one hand and inhibits RIG-I-dependent signaling on the other hand (22, 23) . In the case of former, it is suggested that LGP2, through its dsRNA end-binding capabilities, helps load MDA5 near RNA termini (21) , and in the case of RIG-I, it may simply compete for RNA ends.
Structural mechanism of RLRs
Key contributions from several laboratories provided structural views of all three RLRs (Fig. 1) and their mode of action (21, 24 -27) . All RLRs possess an SF2 ATPase domain and a characteristic C-terminal domain (CTD) that together form the nucleic acid recognition module. The SF2 domain itself has four structural submodules. "RecA1" and "RecA2" are the universally conserved tandem RecA-like domains of SF2 enzymes that bind NTPs and nucleic acid ligands via seven characteristic "helicase" motifs (plus other, more recently described motifs) in a sequence-independent manner (3). A characteristic helical insertion domain "Hel2i" in RecA2 is crucial for RNA interaction and signaling, and finally, a "pincer" keeps SF2 in an open state in the absence of RNA, links CTD with RecA1 and -A2, and is critical for ATP-dependent signaling. The SF2 domain of RLRs is most closely related to dicer proteins in antiviral RNAi, showing a common evolutionary origin. RNA substrate specificity of RLRs is provided by their CTDs. The CTDs of RIG-I and LGP2 preferentially bind dsRNA ends, whereas the CTD of MDA5 binds RNA stems. RIG-I's affinity for RNA ends is further increased by 5Ј-tri-or -diphosphates 5-30-fold (depending on the ATP state of SF2) (21) . LGP2, however, does not discriminate between phosphorylated and non-phosphorylated RNA ends and therefore could specifically help prevent RIG-I from recognizing non-phosphorylated dsRNA termini. Interestingly, the CTD does not belong to any of the evolutionary widely used RNA-binding domains but shows structural similarity to cereblon, for instance (28) . The latter is a ligandbinding subunit of cullin-4 E3 ubiquitin ligase complexes probably best known as the target of thalidomide (29) . Because ubiquitination is an important component of RLR-mediated signaling as well, this structural similarity may point to an origin of RLRs from both RNAi and ubiquitination pathways.
In addition, RIG-I and MDA5, but not LGP2, contain an N-terminal tandem caspase activation and recruitment domain (2CARD), which acts as a signal transducer. CARDs typically signal through the formation of helical filaments, which is a highly cooperative process and triggered by nucleation. Because overexpression of 2CARD in reporter cells is generally enough to induce an immune response (1), both RIG-I and MDA5 require mechanisms to keep 2CARD in a signal off-state or below an oligomerization threshold to prevent an autoactivation. In fact, the signaling mechanism of RIG-I and MDA5 is essentially the formation of 2CARD oligomers through unmasking of 2CARDs and/or their increase in their local concentration by cooperative binding along the RNA. Specifically, in the absence of RNA, the insertion domain of RIG-I masks 2CARD (Fig. 1A ) (25) , and dsRNA sterically competes with 2CARD for binding to the SF2-Hel2i domain (Fig. 1A ). In contrast, MDA5 depends on the formation of oligomers along dsRNA that brings multiple 2CARDs into close proximity such that they can assemble. Thus, the CTD has a dual function in binding dsRNA stems and mediating contacts between MDA5 protomers in the filament. LGP2 is structurally a "hybrid," harboring a RIG-I-like CTD (RNA end binder) (30) and an MDA5-like SF2, including its oligomerization capabilities (21), an architecture that could explain how LGP2 could augment MDA5 signaling by assisting MDA5 filament formation near dsRNA ends (23) . Once bound to SF2 and CTD, all RLRs embrace dsRNA as a ring (Fig. 1B) . Subsequently, 2CARDs are ubiquitinated with Lys-63-linked polyubiquitin or interact with unanchored chains (31) (32) (33) that stabilize the 2CARD protofilament like brackets (34) .
RIG-I and MDA5 signal through their adapter protein mitochondrial antiviral signaling (MAVS, also known as IPS1, VISA, and CARDIF, Fig. 2 ). MAVS also possesses a CARD at its N terminus, which is fused via an ϳ400-residue-long unstructured region to a C-terminal transmembrane domain (35) . It resides on the surface of mitochondria and peroxisomes in a diffused state (36) , but it polymerizes into filaments upon activation by RIG-I or MDA5. Structural studies suggest that four LGP2 detect foreign cytosolic double-stranded (ds) RNA, as for example released from entering RNA viruses, and induce an immune response to fight off the infection. In the absence of RNA ligands, signaling by RIG-I and MDA5 is prevented by shielding 2CARD from cytosolic interaction partners. 1, upon RNA detection both RIG-I and MDA5 release their 2CARD signaling module. RIG-I preferentially binds to nonmethylated dsRNA ends containing 5Ј-tri-or -diphosphates and further needs ATP to eject 2CARD. MDA5, in contrast, cooperatively binds to long dsRNA and forms filaments that are probably stabilized or seeded by LGP2. 2, each four released 2CARD modules of RIG-I or MDA5 subsequently assemble into tetramers and are stabilized by polyubiquitination or ubiquitin binding. 3, RLR 2CARD tetramerization, in turn, triggers the oligomerization of the RLR adapter protein MAVS. MAVS is distributed on the outer mitochondrial membrane but polymerizes into long filaments if seeded by 2CARD protomers. 4, this brings together many interaction sites of downstream factors within the MAVS unstructured region and activates a signaling cascade that leads to the expression of type I interferons or other cytokines and sets the cell into an antiviral state.
2CARDs of RIG-I or MDA5 assemble into a helical protofilament that forms a nucleus from which MAVS filaments can outgrow (37) . Polymerized MAVS brings together protein interaction motifs within its unstructured region that lead to the recruitment of multiple E3 ubiquitin ligases for the activation of IB kinase or TBK1 and the production of type I interferons (IFN) (38) .
The current models imply that MAVS is in a "supersaturated" concentration in uninfected cells and only needs a nucleation trigger, as provided by activated RLRs, to polymerize. This system needs to be tightly controlled because this model suggests an irreversible all-or-none decision for the cell, once triggered. Here, several mechanisms are at play that prevent serendipitous activation of RLRs. Specifically, potential self-RNA ligands are modified to mask epitopes, and the sensors themselves harbor autoinhibition as well as proofreading mechanisms to limit activation by self-RNA. In addition RLRs are subject to post-translational modifications (PTMs) to regulate the sensitivity of the system. The necessity for any of these elements became evident through association of defects in masking of self-RNA epitopes, in autoinhibition or in proofreading capabilities with autoimmune syndromes.
Self-RNAs are masked to prevent RLR activation
Following the idealized notation of RIG-I recognizing phosphorylated RNA ends and MDA5 cooperatively recognizing internal dsRNA elements, the question arose whether potential self-RNAs ligands are prevented from activating RLRs. In the case of RIG-I, initial studies suggested a strict requirement for uncapped 5Ј-triphosphate RNA, which is absent in the eukaryotic cytosol and thus spatially divided from RIG-I. Interestingly, the RIG-I CTD was recently shown to bind m7-guanosinecapped RNA but to not tolerate 2Ј-O-methylation of the first 5Ј-nucleotide (CAP-1) because of a steric clash with a conserved histidine (39, 40) . This efficiently prevents binding of all RLRs to host mRNA 5Ј ends (Fig. 3A) and thus provides a biological role for the so far unknown purpose of RNA 2Ј-O-methylation (41) . Other potential endogenous RIG-I ligands like tRNAs are cleaved to produce 5Ј-monophosphate ends, whereas ribosomal RNA is mainly masked by ribonucleoprotein complexes and modified ribonucleotides. Furthermore, miRNAs and siRNAs generated by Dicer have a characteristic twonucleotide 3Ј-overhang that is unfavorable for RIG-I end-recognition (42) .
With respect to MDA5, a lack of characteristic features within its ligands like phosphate-containing ends, renders this RLR perhaps more prone to the recognition of endogenous RNA. Most mRNAs, however, only contain short dsRNA regions within 5Ј-or 3Ј-UTRs, and even if longer parts occur, base pairing is reduced by converting adenosine ribonucleotides (A) to inosine (I) by ADAR1 (Fig. 3A) (43, 44) . Other potential MDA5 ligands could arise from short interspersed nucleotide elements like repetitive Alu elements that are ϳ300 bases long and are, if transcribed from inverted repeats, ideal MDA5, but also ADAR1, substrates (45) . A-to-I editing and the subsequent reduction of base-paired RNA stems might thus be one of the major mechanisms preventing MDA5-dependent signaling.
RLR activation is accompanied by a change of their post-translational modifications
In addition to modifications of endogenous RNA, RLRs themselves are found to be intensively modified (Table 1) . In fact, several PTMs either increase the threshold for signal induction until ideal RNA ligands are found, enhance signaling by stabilization of the RLR-activated state, or shut down the response by inducing RLR degradation.
Probably the most important and best studied PTMs are located within 2CARD of both RIG-I and MDA5 and complicate their activation in uninfected cells or interfere with shutdown upon infection. Particularly, in uninfected cells, phosphorylation of 2CARD sterically prevents Lys-63-linked ubiquitination (46, 47) . During an infection, however, these residues become dephosphorylated (48) , thus allowing access of ubiquitin ligases or the direct interaction with polyubiquitin or ubiquitin-like proteins (31) (32) (33) 49) . This establishes a positive feedback loop by stabilizing RIG-I and MDA5 2CARD tetramers for an increased signaling and prevents refolding of 2CARD to Hel2i.
A similar mechanism was found for two lysines of the RIG-I CTD that are acetylated in uninfected cells and impede RIG-I activation by decreasing RNA stem interactions (50) . Upon infection and subsequent deacetylation, however, the increased RNA affinity of RIG-I leads again to an amplification of the immune response. PTMs of RLRs and their exchange on key amino acids thus provide important means to positively or negatively fine-tune the strength of an immune response.
RLR ATPase activity confers specificity toward foreign RNA
One of the most central features that are critical for accurate signaling of RLRs is probably ATP hydrolysis by their SF2 domain (1, 32, 51 ). The precise function of chemomechanical energy conversion by RLRs, however, has been a mystery for many years and is still not fully resolved. For instance, due do their affiliation to SF2 ATPases, RLRs have been historically classified as ATP-dependent helicases, which usually unwind duplex nucleic acids. The RLR helicase activity, however, is controversial (26, 52) , and also mutations that compromise the SF2 domain were shown to have detrimental yet inconsistent effects on their function as innate immune sensors (53, 54) .
Collectively, in all three RLRs the SF2 domain provides specificity to signaling on dsRNA. MDA5 for instance cooperatively forms filaments on long dsRNA through SF2-SF2 contacts and thus brings 2CARD from several proteins into spatial proximity (Fig. 3B) (27) . In the case of RIG-I, the 2CARD-Hel2i interface ensures that an efficient ejection of 2CARD requires dsRNA (55) even though triphosphorylated single-stranded RNA can bind to the CTD (56). However, it is still unclear how SF2 helps discriminate viral dsRNA from self-RNA-bearing short basepaired regions. Detailed biophysical studies on RIG-I even showed that individual binding energies of CTD and SF2 do not add up and that there is a substantial negative thermodynamic linkage of RNA binding by SF2 onto RNA binding by CTD (57) . Hence, SF2 binding to dsRNA may even reduce the affinity of CTD for dsRNA ends, and thus it increases the relative contri-bution of RNA stem structures, which can be found on self-RNA as well.
Recent results now suggest that the ATPase activity of SF2 helps to increase the selectivity of viral RNA (58 -62). The energy released from ATP hydrolysis could be used to either enhance the affinity for viral RNA or alternatively to decrease the affinity for self-RNA. In the case of MDA5, at first, signaling seemed to be independent of ATP because both ATP binding and hydrolysis-deficient mutants were found to induce a constitutive immune response (59) . Nevertheless, in vitro filament formation of MDA5 was weakened in the presence of ATP, presumably due to conformational changes induced by cycles of ATP binding and hydrolysis (17) . The current model therefore suggests that destabilization of filaments due to ATP hydrolysis is stronger at ends because MDA5 is less stably embedded there, leading to a more rapid disassembly of short filaments (59) . In addition, slow nucleation disfavors de novo generation of short filaments, overall shifting the specificity toward longer dsRNA.
In contrast to MDA5, RIG-I can efficiently recognize dsRNA ends in a 1:1 complex and activate type I IFNs in cells in the presence of triphosphorylated dsRNA as short as 8 bp (58). What is the function of RIG-I's ATP hydrolysis? Because RIG-I can form filaments as well (63) , one possibility is a similar role than for MDA5, i.e. removing RIG-I from dsRNA. Single molecule studies have indeed indicated that RIG-I translocates on dsRNA (Fig. 3C) (64) , an activity that would be well suited to dissipate RIG-I at low affinity RNA ligands. At high affinity sites, however, the CTD might form an anchor that retains RIG-I long enough to be ubiquitinated or to form 2CARD oligomers with other activated RIG-I molecules (Fig. 3D) . Translocation might also load multiple molecules onto RNA ends (65) and provide effector-like functions through displacement of viral proteins from viral RNA (66, 67) . However, the translocation activity as well as filament formation by RIG-I is still debated. Interestingly, recent structural data showed that dsRNA bound to LGP2 is shifted by 1 bp compared with its complex with RIG-I (21) . Although this observation is interpreted as a recognition difference between RIG-I and LGP2, it could also reflect different "translocation" states. Further structural data might shed more light on the nature of these conformational states.
To elucidate the importance of the entire ATP reaction circle on RIG-I signaling, several groups recently dissected ATP binding from ATP hydrolysis and ADP through the use of nonhydrolysable ATP analogs in vitro and tailored mutations in helicase motifs in living cells (55, 58 -62) . Consent is reached with respect to the role of ATP binding, whereas the role of ATP hydrolysis is still a matter of debate. ATP binding is required for signaling in cellulo, suggesting together with the structural data that both dsRNA and ATP are required to trigger the conformational change that liberates 2CARD from Hel2i (59 -61). Consistently, RIG-I tightly binds optimal RNA ligands in the presence of the transition state analog ADP-AlF x (21), albeit other studies showed rather a moderate reduction in affinity in the presence of ATP␥S (60) . To reassess the purpose of ATP hydrolysis, several groups made use of a mutation in motif II that allows ATP binding and ATP-induced conformational changes but slows down or prevents ATP hydrolysis and thus traps the protein in the ATP-bound state (59, 61) . This site in motif II of RIG-I was recently described to be mutated in atypical Singleton-Merten syndrome as well and was suggested to lead to an autoactivated state of RIG-I in uninfected cells (68) . Subsequent cell-based studies with RIG-I trapped in the ATP-bound state proposed increased interactions with self-RNA that lead to an elevated signaling as well as activation of type I IFNs even in absence of an infection (59, 61) . Potential self-ligands were found to include double-stranded ribosomal expansion segments but may comprise other RNA species as well (61) . However, analysis of the same motif by other groups did not lead to increased RIG-I signaling (54, 62) , so this matter requires further studies. One possibility for these differences is the cellular background in which these studies were conducted. Autoactivation through self-RNA was especially seen in HUH7.5 or RIG-I KO cells that did not contain a functional endogenous RIG-I gene along with the mutated one. In addition to motif II, mutations in motif III or V were found to lead to activation of RIG-I in uninfected cells (54, 61, 62) , suggesting that the chemomechanical coupling of RNA and ATP binding is critical as well.
In summary, based on the available data, one can postulate that ATP hydrolysis of RLRs either leads to proofreading by dynamically enhancing RNA selectivity and/or increased displacement from non-optimal PAMPs (58, 61, 66) . In addition it could increase signaling by loading multiple RLR molecules Table 1 Covalent 
RLR-linked autoimmune diseases
If self-RNAs are inappropriately masked, or SNPs in RLR genes lead to a loss of autoinhibition or gain of RNA recognition, an RLR-triggered immune response can result in autoimmune diseases. Genetic disorders whose pathogenesis is caused by a constitutive up-regulation of type I IFNs are called "type I interferonopathies" (69) and can be, among others, ascribed to SNPs in RLR genes. In most cases, the involved RLR is MDA5, along with only a few known disease-correlated SNPs within the gene of RIG-I and so far none in LGP2. Interestingly, almost all identified pathogenic SNPs locate within the RLR helicase domain (Fig. 3E) , emphasizing the importance of a functional SF2 for an adequate immune response.
The Aicardi-Goutières syndrome (AGS) is a rare monogenetic inflammatory disease affecting the skin and brain (70) . So far, AGS is known to be induced by mutations in seven genes, including the gene encoding MDA5 (Fig. 3E) (71) (72) (73) . All MDA5 SNPs affect the SF2 domain and are described as gain-of-function mutations leading to increased RNA-binding properties and thus a higher susceptibility toward self-RNA (71). However, increased levels of potential endogenous RLR ligands can also induce AGS, because loss of RNA editing through SNPs in ADAR1 was shown to generate MDA5 selfligands (44) . Interestingly, in contrast to all other AGS SNPs, mutations within the gene of MDA5 display an autosomal dominant pattern of inheritance and occur exclusively heterozygous (72) . This emphasizes the importance of a tightly balanced immune response by RLRs where already minor disturbances can induce autoimmunity.
Systemic lupus erythematosus (SLE) is characterized by a chronic systemic inflammation through an activation of both the innate and adaptive immune system. Here, the damage of multiple organs is induced though an augmented autoantibody production against self-nucleic acids and small nuclear RNAbinding proteins by hyperactive T and B cells (74) . So far, more than 40 genetic susceptibility loci for SLE have been identified, mostly within HLA genes and the Fc␥ receptor but also gainof-function mutations within the gene of MDA5 (75) (76) (77) (78) . The detailed biochemical basis, however, is still missing.
During type 1 diabetes (T1D), autoantibodies are developed against insulin-producing ␤-cells in pancreatic islets and insulin itself. The trigger for the occurrence of these autoantibodies is still highly controversial, even though more and more evidence points toward a connection between the genetic constitution as well as viral infections (79) . Here, the viruses that are mainly implicated with T1D are Coxsackie type B viruses that are sensed by MDA5 (80) . The majority of T1D pathogenic SNPs are located within HLA genes, whereas less frequent connections, both disease-promoting as well as protective, have been unveiled for MDA5 as well (81, 82) . Here, protective MDA5 SNPs were shown to result in lowered protein expression, domain deletions, or decreased type I IFN production (83, 84) .
Recently, two mutations within the gene encoding RIG-I (68) and one within the gene of MDA5 (85) were found to be associated with a rare multisystem disease called Singleton-Merten syndrome (SMS). Even though SMS is so far not recognized as type I interferonopathy, elevated levels of interferon-stimulated gene (ISG) products were found in blood samples of patients (85). All detected RLR mutations involve amino acids of the SF2 domain located within the ATP-binding pocket and lead to a gain-of-function of both proteins in vitro (68, 85) . Constitutive activity of both RIG-I mutants was found to be caused by increased RNA-binding properties due to a lack of ATP hydrolysis and the inability to discriminate between selfand non-self-RNA (59, 61) . Even though biochemical data for the MDA5 SMS mutant is so far missing, a similar mode of action might be conceivable.
In summary, most diseases show similar genetic features as well as overlapping clinical symptoms rendering a clear distinction solely based on the genotype difficult. It is thus not surprising that the biochemical basis for the development of these diseases often remains elusive. A noteworthy SNP within the gene of MDA5 in that regard is located within the CTD (Fig. 3E ) and is implicated in several autoimmune diseases (86) . However, so far only controversial results have been found in vitro. Some studies do not see altered RNA-binding properties as well as no changes in type I IFN production upon stimulation compared with the wild-type protein (59, 84, 87) and propose cumulative effects with other SNPs due to a strong linkage disequilibrium (88) . In contrast, other studies state a constitutive activity in cells and could not detect any responsiveness to viral infections anymore (89) .
Conclusions and future perspectives
It is now well established that for RIG-I and LGP2, the CTD is the main specificity element, providing a high affinity interaction with PAMPs. An ATP-induced structural switch generates a ring around RNA ends with full self versus non-self discriminatory capabilities that also include RNA interactions of SF2 and, in the case of RIG-I, ejection of the 2CARD-signaling module. More work is needed, however, to fully understand the role of free energy released in RLRs through ATP hydrolysis. In the case of MDA5, high affinity retention requires polymerization on long dsRNA, and ATP hydrolysis adds a dynamic to the system that leads to relative stabilization of long versus short filaments. In the case of RIG-I, however, the roles of ATP hydrolysis and the destabilization of RIG-I RNA structures are still debated. The discovery of autoimmune disease-associated mutants that directly affect ATP turnover could be helpful in this regard. These mutations could be interesting for analyzing the postulated RNA translocation activity in the removal of RIG-I from self-RNA using the assays established for effector functions. Whereas mutations that reduce ATP binding clearly prevented RIG-I effector functions, would mutations that reduce ATP hydrolysis and lead to a stable RNA interaction but at the same time stall the postulated translocation do the same? If yes, this may be a hint that translocation is indeed required for effector activities. If not, an alternative explanation such as RIG-I filament formation could be a basis for these activities. A combination of high resolution structural, biochemical, and cell-based studies might help settle this central question of RIG-I mechanism.
